Three-dimensional finite element models are used to study the influence of various parameters on the gas permeability of cross-ply composite laminate. It is shown that the intersection area, which is formed between two adjacent plies due to crack opening, is the most crucial factor in determining the permeability. It is found that the intersection areas obtained by superposing crack opening displacements of two-dimensional models are not accurate. A full three-dimensional model is required to obtain a detailed and precise prediction. The intersection area is found to be related not only to the resultant forces and thermal loads but also to the delamination shape and the delamination length. Laminates with different stacking sequence are studied, and it is found that for the same number of plies the laminate with dispersed plies shows lower permeability. Effect of temperature-dependent material properties is investigated as well.
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Three-dimensional finite element models are used to study the influence of various parameters on the gas permeability of cross-ply composite laminate. It is shown that the intersection area, which is formed between two adjacent plies due to crack opening, is the most crucial factor in determining the permeability. It is found that the intersection areas obtained by superposing crack opening displacements of two-dimensional models are not accurate. A full three-dimensional model is required to obtain a detailed and precise prediction. The intersection area is found to be related not only to the resultant forces and thermal loads but also to the delamination shape and the delamination length. Laminates with different stacking sequence are studied, and it is found that for the same number of plies the laminate with dispersed plies shows lower permeability. Effect of temperature-dependent material properties is investigated as well.
Nomenclature a = delamination length B 0 = permeability constant C = material constant related to permeability h = ply thickness M = molecular weight of gas N x , N y = force resultants p = gas pressure Q = volume flow rate R = universal gas constant T = temperature u = volume flow rate per unit area A = intersection area u, v = crack opening displacements " x , " y = strains = viscosity of gas flow i = crack density in ith ply u = mass flow rate per unit area I. Introduction G RAPHITE/EPOXY composite laminates are considered as potential structural materials for future space vehicles, especially for the liquid hydrogen storage tank, due to its high strength/weight and high stiffness/weight ratio. A fundamental issue in using composite tank is hydrogen permeability. The liquid hydrogen storage tank at cryogenic temperature is subjected to large thermal and structural loads. This could cause matrix microcracking and subsequent delamination, which will form the gas leakage path. Understanding the mechanism of the hydrogen leakage through the composite laminates is very essential for successful use of composite laminates in cryogenic propellant tanks.
Many experimental studies have been conducted to measure the gas permeability in composite laminates. Based on ASTM standard D-1434 [1] , Stokes [2] performed permeability testing on IM7/BMI laminated composites under biaxial strains. Nettles [3] tested permeability of composite laminate after impact testing. McManus et al. [4] investigated the influence of loading conditions, crack density, and ply orientation on the permeability of graphite/epoxy laminates. Choi [5] performed permeability tests on various composite material systems subjected to certain cryogenic cycles, and found that textile composite yields the lowest permeability. Kumazawa et al. [6] investigated helium gas leakage through composite laminates and compared the experimental results with the analytical models.
Several analytical models, such as initial shear lag analysis, interlaminar shear lag analysis, and variational approach, have been developed to investigate matrix microcracking and interlaminar delamination (see the review paper by Berthelot [7] and the references therein). Based on these analytical models, some researchers have modeled gas permeability in composite laminates [6, 8] . The modeling is based on Darcy's law for porous media and the key point is to find the crack opening displacements in each ply, which will form the neck area in the gas leakage path. Kumazawa et al. [6] modeled gas leakage through composite laminates with transverse microcracking only, and their analysis was based on shear lag analysis. They assumed that mean crack opening displacement will form the gas leakage path. Theoretically, however, gas cannot leak through laminates without delamination. Roy and Benjamin [8] developed a model with delamination based on first-order shear deformable laminate theory and compared the analytical results with finite element results. Both of the aforementioned models are based on two-dimensional analysis and the crack opening displacements obtained from two-dimensional model are superposed to obtain the neck area in the gas leakage path.
In the present work, a three-dimensional analysis is performed to investigate the gas permeability through cross-ply composite laminates. Three-dimensional problems with delamination are so complicated that an analytical model is very hard or impossible to obtain. Therefore, finite element (FE) method will be adopted in the present analysis. It has been found that the local effects of delamination are quite significant and cannot be neglected. The effects of loading conditions, delamination length, and delamination shape on gas permeability are investigated in detail. The influences of temperature-dependent material properties and laminate layups are also investigated.
II. Permeation Model
From experimental observations, matrix microcracking in 90-deg ply and interlaminar delamination between 0-deg ply and 90-deg ply are the first form of damage in composite laminates. The term "microcrack" used in the current model refers to the transverse crack in 90-deg ply fully developed through ply thickness and fully propagated across the laminate width. Theoretically, microcracks alone cannot form a contiguous path for gas leakage. Hence the delamination has to be introduced in the numerical model as shown in Fig. 1 . The shaded intersection areas are formed by the crack opening displacements (CODs), which are the crack opening of the transverse microcracks measured at the ply interface, as shown in Fig. 1 . These intersection areas connect the microcracks to form the pathways for the cryogenic gas.
The permeability modeling is based on Darcy's law for porous material [8] . Darcy's law for isothermal, viscous flow of gases through porous media is given as
Mp RT dp dx
Integration of Eq. (1) through the thickness of the composite laminate yields
Comparing Eq. (5) with Eq. (2), it can be seen that
Once a laminate is given, the permeability constant B 0 is determined by the thickness and the permeability of each ply. To get the B i 0 for each ply, we consider the Poiseuille law for laminar flow through a capillary [9] :
where Q is volume flow rate, d is inner diameter of the capillary, P is pressure drop along the capillary, and L is length of capillary. Dividing both sides of Eq. (7) by the cross-sectional area of capillary, the volume flow rate per unit area is given by
Comparing Eq. (8) with Eq. (1), it can be seen that for a capillary, the permeability constant is proportional to d 2 , or the cross-sectional area of the capillary. Based on this fact, we can assume the permeability constant for each intersection area is proportional to the area. The number of intersection areas can be determined by the crack densities of adjacent plies. So the permeability for the ply is assumed to be proportional to the total intersection area of the ply under consideration. Note that a laminate with NL plies will have (NL 1) interfaces. Each of the inner plies has two interfaces with adjacent plies, so the intersection area is taken as the average of the areas at two interfaces. The first and last plies only have one interface with adjacent plies, so the intersection area at that interface is used for those plies. Hence the permeability of each ply is assumed to take following form:
where C is material property which can only be determined from experiments [4] and A i;j is the intersection area at interface between ith and jth plies as shown in Fig. 1 . Hence, Eq. (6) can be rewritten as Fig. 1 Gas permeation path through microcracks in cross-ply laminates.
Fig. 2 Gas pressure distribution across the laminate. P 0 (P b ) and P NL (P t ) represent the pressure at the bottom and the top of laminate, respectively, and P 1 to P NL-1 represent pressures at the interfaces.
It is obvious from Eq. (10) that the permeability is determined by the crack densities i and the intersection areas A i;j once the material constant C is characterized by experiments. Bapanapalli et al. [10] has developed a method based on FE modeling to determine the crack densities in cross-ply laminates subjected to biaxial and thermal loading. Hence, in this paper, we mainly focus on determining the intersection area A i;j . In the present work, symmetric cross-ply laminates [0=90=0] subjected to biaxial and thermal loading are investigated. The orthotropic material properties are shown in Table 1 [10] . The ply thickness h is taken as 0.33 mm.
III. Two-Dimensional FE Modeling
Before using a fully three-dimensional finite element model, twodimensional FE modeling is presented first to find the proper delamination length. Figure 3 shows two different cases of delamination. In the first case, [90=0=90], the delamination emanates from the surface ply of the laminate whereas in the second case, [0=90=0], it emanates from the middle ply. Because of symmetry, only one fourth of the unit cell is considered in the simulation. The crack densities are taken as 1 cm 1 . The simulation has been done using the commercial FE software ABAQUS 6.5 TM . In this investigation, eight-node plane strain isoparametric elements and uniform meshes are used. A total of 15,600 elements are generated. Even though the individual mode 1 and mode 2 strain-energy release rates do not exist due to the oscillatory characteristic of stresses and displacements near the crack tip for bimaterial interface cracks [11] , the total strain-energy release rate is well defined. Under linear elastic assumption, path independent J-integral is identical to the strain-energy release rate. Because J-integral is insensitive to the finite element method (FEM) mesh, uniform mesh is accurate enough for this simulation.
The J-integrals with respect to the delamination length are computed as shown in Fig. 4 . The delamination length is normalized by the ply thickness in Fig. 4 . The unit cell is under constant displacement loading. It can be seen that the J-integral reaches maximum value when delamination length is about the ply thickness, and then decreases slowly. This implies that the delamination propagate steadily when delamination length exceeds ply thickness under displacement control loading. When the delamination length is too small, less than the ply thickness, the boundary effects are quite obvious.
From Fig. 4 , it seems to be a proper choice to take ply thickness as the delamination length because the delamination propagates steadily after its length exceeds ply thickness. Hence, in the following three-dimensional FE analysis, a length comparable to the ply thickness is taken to be the delamination length and the sensitivity of the intersection area to the delamination length is investigated.
IV. Three-Dimensional FE modeling A. Model Description
Once the crack densities are determined, the dimensions of the unit cell are fixed as shown in Fig. 5 . In the present model, the crack densities in the 0-and 90-deg plies are taken as equal,
x y 1 cm 1 . In this case, the factor that determines the permeability is the intersection area A [see Eq. (10)]. Hence in three-dimensional modeling, most attention will be paid to computing the intersection area. The material properties and ply thickness are kept identical to those of the two-dimensional model.
Because of both in-plane symmetry and symmetry in thickness direction, only one eighth of the unit cell is analyzed. As shown in Fig. 5a , the two free surfaces are the microcrack faces; symmetric boundary conditions are applied to the surfaces opposite to the free surfaces and bottom surface, constant strains are applied as shown by the arrows, and the delaminations emanated from both surface ply and middle ply form a rectangle delamination front. Twenty-node 3-D isoparametric solid elements and uniform mesh are used in the simulation. A total of 28,224 elements are generated in the present model. Figure 5b shows a typical deformation of the model under biaxial loading. Note that the deformation is enlarged by a factor of 10.
Kumazawa et al. [6] and Roy and Benjamin [8] proposed superposition of two-dimensional CODs to get the intersection area. In fact, if one monitors the COD along the path shown by the arrow in Fig. 6a , the COD, normalized by the ply thickness, first remains constant along the straight edge, and then increases remarkably as it gets close to the rectangular crack front. The constant value is identical to the result predicted by two-dimensional model. The COD near the rectangular delamination front, however, is almost 50% Table 1 Orthotropic material properties for the composite: E, G, , and , respectively, are the Young's modulus, shear modulus, Poisson's ratio, and coefficient of thermal expansion. Elastic moduli are in GPa. larger than the two-dimensional result. Therefore, the local effect cannot be neglected and COD near the rectangular front should be used to compute the intersection area.
B. Intersection Area Computation
Because of the linear relation between COD and load, the intersection area under any loading case N x ; N y ; T can be obtained once the following three basic cases are computed: 1) " x 1%, " y 0, T 0 2) " x 0, " y 1%, T 0 3) " x 0, " y 0, T 223 C (from room temperature to cryogenic temperature) For any N x ; N y ; T, the corresponding " x ; " y ; T can be obtained from the following basic formula for composite laminates, in which the matrices A and are determined from the preceding three basic cases:
and the corresponding CODs are obtained by superposing the results of three typical cases with different weighting factors. The intersection area A is computed by assuming that the intersection formed by the CODs at corner is a rectangle. Figure 7 shows the variation of the intersection area, which is normalized by h 2 , with respect to the mechanical and thermal loads. In Fig. 7a , different marks represent different ratios between N y and N x , the solid lines represent the cases with thermal load and the dotted lines represent without thermal load; in Fig. 7b , each surface represents the intersection area variation with respect to N y and N x under certain thermal load.
Actually, from those three basic numerical tests, the CODs can be expressed explicitly in terms of N x , N y , and T. From Eq. (14), the intersection area shows parabolic variations with respect to N x , N y , and T, which can be seen clearly in Fig. 7 . Equations (12) (13) (14) , however, are only valid for the current model. If any condition of the model, such as delamination length, material properties, and ply thickness, is changed, we have to repeat those three numerical tests.
C. Effects of Delamination Shape and Delamination Length
The effects of delamination shape and the delamination length on the intersection area are investigated in this section. Previously, the interlaminar delamination fronts developed from 0-deg plies and from 90-deg plies were connected by a pair of straight lines forming a rectangular delamination front. However, if three-dimensional Jintegrals are computed along the crack front as shown in Fig. 8 , it can be seen that the highest value occurs at the corner, that is, the crack will first propagate at the corner. Hence, the delamination with a circular front might be a more appropriate scenario. Figure 8a shows the top view of the delamination and Fig. 8b shows the distribution of J-integral with different connection. The model is subjected to thermal load only. As we can see, the J-integral value remains constant at the straight crack front and increases near the corner. For the case of rectangular front, the J-integral value computed at the corner, which is extremely high due to the discontinuity of first-order derivative, may not be meaningful and is eliminated from Fig. 8b . As we expected, the circular delamination front reduces the highest value of the J-integral at corner and the bigger the radius, the lower the value. Figure 9a shows the effects of the radius of the connecting circle. In all three basic cases, the intersection area varies quadratically with the radius.
Moreover, the effect of delamination length is also investigated, as shown in Fig. 9b . In this case, the rectangular front is still used and the delamination length changed from half of the ply thickness to twice the ply thickness. It can be seen that the intersection area is more sensitive to the delamination length than to the circle radius. It does not show the tendency to reach a plateau as mentioned by Roy and Benjamin [8] .
D. Delamination Only from the Surface Ply
Another phenomenon shown in Fig. 8b is that the steady-state values along two different straight crack fronts are quite different even though both directions are under the same loading condition. Hence, delaminating from the surface ply (high J-integral) is much easier to happen than delaminating from the middle ply (low Jintegral). From different views of the typical deformation of unit cell as shown in Fig. 10 , it can be seen that delamination from middle ply (Fig. 10a ) tries to close, whereas the delamination from surface ply (Fig. 10b) tries to open up. Therefore, it is much possible that delamination only emanates from surface plies. Even if delamination appears on only one side, the path for gas leakage can still be formed as shown in Fig. 11 . In this case, the intersection area is smaller than that in the previous model. Figure 12 shows the comparison between two different scenarios under the same loading condition (N y =N x 0:5 and T 223 C). The intersection area A in the current scenario (single delamination) also shows a parabolic variation, but the magnitude is only about half of that in the previous model (pair of delaminations).
E. Effect of Layups
Till now, only three-ply laminates are investigated. In reality, there are various layup possibilities. Choi [5] did permeability tests for different laminates and found that for the same thickness the specimen with layers grouped together has higher permeability than the one with layers dispersed, that is, 0=90=0 2 =90=0 T performs better than 0 2 =90 2 =0 2 T . In this section, current modeling technique will be used to investigate the effect of the layups on the permeability. In this investigation, layup 0=90=0 2 =90=0 T and 0 2 =90 2 =0 2 T are used. For the specimen 0 2 =90 2 =0 2 T , the numerical model is kept same as the one described in Sec. IV.A. For the specimen 0=90=0 2 =90=0 T , to describe the unit cell, the microcracks in the 0-deg plies and in 90-deg plies are assumed to appear in the same position, as shown in Fig. 13a . Because of the symmetry of the model, only one eighth of the unit cell is considered. Figure 13b shows the typical deformation of the unit cell.
The normalized permeability B 0 =C, computed from Eq. (10) Delamination length (a/ h) Fig. 9 Effect of the delamination shape and delamination length on the intersection area. Fig. 10 Typical deformation of unit cell from different views. Fig. 11 Gas leakage path formed by the delamination from the surface ply only. Fig. 12 Comparison between two different scenarios.
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9 . It can be seen clearly that the grouped specimen has a much higher permeability than the dispersed specimen with same crack densities and under same loading case. In Choi's [5] tests, both specimens were tested at room temperature after certain cryogenic cycles (cooling the specimen down to cryogenic temperature and then warming it up to room temperature is defined as one cryogenic cycle) without mechanical loading and the crack densities in the specimens were not measured. Hence the modeling procedure does not precisely reflect the testing procedure and the modeling results are not comparable with Choi's test results. However, one fact can be confirmed from both experiments and modeling: that for the laminates with same number of plies and under similar loading conditions, the laminate with dispersed plies has lower permeability than the one with grouped plies.
F. Temperature-Dependent Properties
In preceding sections all material properties are assumed to be temperature independent. For graphite/epoxy composite laminates, the matrix properties largely depend on the temperature whereas the fiber properties do not. Hence, the composite properties that depend mainly on matrix properties, such as transverse modulus E 2 and shear modulus G 12 , vary remarkably with respect to temperature. Schulz [12] and Speriatu [13] performed experiments to measure the temperature-dependent properties of graphite/epoxy composite IM7/ 977-2. Transverse modulus E 2 , shear modulus G 12 , and coefficient of thermal expansion are measured and fitted with polynomial functions. In the following simulation, these experimental results are used. Longitudinal modulus E 1 and Poisson's ratios are assumed to be constants, and shear modulus G 23 is assumed to follow the relation
In the simulation, constant strain boundary conditions are applied. Strains in both x direction and y direction are 1%. Thermal load is applied from room temperature to cryogenic temperature. Figure 14 shows the simulation results. The line with square marks is the result with temperature-independent material properties and the line with diamond marks is the result with temperature-dependent properties. From this figure, it can be seen that at cryogenic temperature the result with temperature-dependent properties is almost 15% less than the one with temperature-independent properties. Hence, if temperature-independent material properties are adopted, the simulation will give the upper bound of the permeability.
V. Conclusions
In the present work, the gas permeability of symmetric cross-ply laminates subjected to biaxial and thermal loading is investigated in detail using FE modeling. Based on Darcy's law for porous materials, the permeability is determined from the crack density, intersection area formed by crack opening displacements, and a material constant to be determined from experiments. The research focused on determining the intersection area available for gas leakage. The following conclusions are reached from the results: 1) Local effects on crack opening displacements are not negligible.
2) The intersection area for a given model under any arbitrary loading condition can be obtained from three basic numerical simulations.
3) The intersection area is strongly influenced by delamination shape and delamination length. 4) Leakage path can still be formed in [0=90=0] laminate if delamination only occurs from the surface ply.
5) For a given laminate thickness, the laminates with dispersed layers show lower permeability than the laminates with grouped layers.
6) Although some of the composite properties depend strongly on the temperature, temperature-independent material properties give the upper bound for the laminate permeability.
The results from this study will be useful in understanding how various factors will affect the gas permeability, and thus provides both qualitative and quantitative guidance to the design of laminates for cryogenic storage applications. 
